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 This thesis discusses WAAM (wire arc additive manufacturing) technology 
using TIG (Tungsten Inert Gas) welding method with aluminum 2219 as the substrate and 
aluminum 2319 as the filler material. The most important characteristic of this method of 
manufacturing is very little wastage of material as it does not follow the conventional 
method of manufacturing where material is removed from a bigger block to finally achieve 
the desired shape. This method uses a layer by layer approach to build the part. Generally, 
in additive manufacturing, the production time may vary depending on the type of method 
used. The material deposition rate in WAAM is one of the highest among all the processes.   
 A DOE (design of experiment) was performed with three independent variables 
namely (i) welding speed, (ii) wire feed rate and (iii) current. The resultant extent of the 
actual material deposition with respect to the desired bead shape was studied using this 
DOE. The topics discussed here are the equipment, process parameters involved in this 
method and their optimization to achieve the desired shape with suitable mechanical 
properties. Full factorial designs using Minitab were created with the aforementioned 
factors with three levels of input values for each parameter. The output was studied from 
the main effects plots and the interaction plots of the variables. These efforts intend to 
discuss the effects of the heat input on the bead shape with a combination of the wire feed 
and welding speed.  
In addition to the weld bead geometry, the hardness of the deposited material was 
tested by a Vicker’s hardness tester by creating a contour plot on the weld beads and
v 
thereafter the heat affected zone was also studied. In order to verify the change in the 
mechanical properties of the specimens, a heat treatment was conducted to achieve a T6 
conditioning according to the ASM Handbook, Volume 4 [1] and a hardness test was 
conducted on the same samples. Another important aspect studied in this research was the 
porosity in the weld beads. The percentage of holes per unit area of the weld beads was 
studied by the point counting method [2]. 
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Additive manufacturing (AM) is a process of fabricating a part by adding material 
layer by layer in the desired geometry to produce the final object. This method essentially 
uses the material in molten state to add a layer at a time and upon solidification it achieves 
the rigid shape. This method started back in 1983 and the defense and aerospace industry 
were among the first to adopt this technology around 1988 [3]. The materials used in this 
process are primarily polymers and metals. There are different types of AM processes like 
wire arc additive manufacturing (WAAM), electron beam melting, powder bed fusion, etc.  
AM as a process of manufacturing is very different from the conventional 
manufacturing methods like machining, forging, casting etc. This method of manufacturing 
has many advantages over the other processes.  One of the main reasons this method is 
used is because of the low buy to fly ratio it offers. Traditional manufacturing processes 
fail to do that because a lot of material is wasted in machining the required part from a 
larger block of metal. This causes a loss in terms of business as the materials used in the 
aerospace and defense industry are generally expensive. The aerospace industry these days 
uses a lot of carbon fiber reinforced parts because of high strength and low weight. Along 
those lines, the use of titanium has increased significantly because of the electrochemical 
compatibility with carbon [4]. This increase in demand has resulted in a price rise which 
calls for a manufacturing process offering low buy to fly ratio, such as AM. The flexibility 
of this method makes it very useful in manufacturing intricate parts and is therefore 
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advantageous over the traditional manufacturing processes. For example, certain parts can 
be created with a cavity or a lattice structure inside without compromising the mechanical 
strength or the functionality as this would reduce the amount of material used, hence 
reducing the weight of the component and the cost of production [3]. This can be achieved 
easily by AM as it employs a layer by layer building approach whereas it can be really 
challenging to machine those details from a piece of stock metal. The processes like 
electron beam melting and selective laser melting have been used in manufacturing the 
parts which have a very high level of detail, but the part size is limited due to the enclosed 
working chamber and low deposition rate [4]. Therefore, WAAM is the preferred method 
to produce larger components as the deposition rate is very high compared to the other 
methods and the manufacturing can be done without a closed chamber. This method offers 
a deposition rate of about 50-130 g/min which is one of the highest among all the AM 
processes. 
A WAAM system basically consists of a motion system, welding system and a wire 
feeder. The motion system can be a robotic arm or a CNC machine. A communicator is 
needed to have the motion system and the welder connected and be able to function in sync. 
The figure 1 (a) [3] shows a typical WAAM setup having the welding torch attached to the 
robotic arm and both connected to a communicator. Figure 1 (b) shows the welder attached 
to a friction stir welding machine. Figure 1.2 [5] displays a schematic diagram of WAAM 
showing the welding torch, wire feeder, argon gas tank and the working chamber. 
Typically, the chamber is circulated with argon from an additional tank, but in the current 
research, argon was only supplied through the nozzle in the torch, so the part size wasn’t 









Figure 1. 2. Schematic diagram showing a WAAM setup using TIG welding method 
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The material used for this research is aluminum 2219 which is an aluminum-based 
alloy of the 2xxx series. This alloy is mainly used to build structure components, aircraft 
skin, fuel tanks, etc. It is useful for applications where the operating temperature ranges 







2.1 Wire Arc Additive Manufacturing (WAAM) 
Additive manufacturing is promising due to the advantages that it offers over 
traditional manufacturing process. This method is known to have worked well with metals 
and polymers. It offers a much lower buy to fly ratio as compared to the conventional 
manufacturing as the material is added only where it is needed unlike the conventional 
manufacturing processes where it is machined out from the places where it is not needed. 
Other conventional methods involve the assembly of different subcomponents 
manufactured separately. In this case the structural integrity of the part is affected whereas 
in additive manufacturing the entire part can be produced with the end product being a 
single piece of metal since this method follows a layer by layer approach of building. This 
reduces wastage of material significantly, so the material investment may be lower as 
compared to the conventional methods. This method is also known to be environmentally 
friendly as the wastage of material are relatively lower than the traditional methods. The 
additive manufacturing technology has been defined by BSI (British Standard Institute), 
ISO (International Organization of Standardization) and ASTM (American Society for 
Testing and Materials) together and has been divided into seven different categories by the 




Figure 2. 1. Classification of AM processes with respective material handling capabilities. 
 
The figure 2.1 [7] shows the different methods of additive manufacturing. The diagram 
shows that four out of all the seven methods are capable of producing metallic parts out of 
which WAAM falls into Direct Energy Deposition method. The methods like powder bed 
fusion are capable of building parts with a very high level of accuracy but have a very low 
deposition rate and the part size is also limited. WAAM however has a very high deposition 
rate at the cost of a low level of accuracy. This problem is overcome by using minimal 
machining after material deposition.  
The term WAAM became widely accepted in the last decade, but the basic concept 
of the process dates back to 1920 [7]. WAAM in simple words is 3D printing using the 
method of welding. MIG or TIG welding method can be used to make parts using WAAM 
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technology. The technology is as simple as welding since all the equipment needed in this 
process is nothing more than what the conventional Tungsten Inert Gas (TIG) or Metal 
Inert Gas (MIG) welding needs. The only major difference is that a motion system is 
needed which can function according to the instructions fed into a computer which has to 
have the capability of controlling the motion system and the welder together in sync.  This 
method is cheaper when compared to the other conventional AM processes as the 
requirement of any special material or tool is eliminated. This can also produce any part 
with almost the required shape and has no size limit. As mentioned earlier the deposition 
rate that can be achieved in this process is 50-130 g/min. This reduces the production time 
as it is much faster as compared to the other AM processes like powder bed fusion. Some 
researchers have found out that some mechanical properties can be of the same level or 
exceed in some cases for wrought products of that material [8].  
This process however has some disadvantages which need to be dealt with. Since 
there is a huge amount of heat input during deposition, there is some amount of deformation 
when the part cools down [9]. Since the temperature in the build direction is high, the plate 
tends to bend in the direction of build when cooling occurs.  Clamping of the plate could 
be a solution to avoid the deformation but it gives rise to another problem which is residual 
stress when unclamping. This problem can be solved by using a symmetrical building 
approach. In this process the same part is built on both the sides of the plate. This basically 
cancels out the residual stress caused by the part built on the other side of the plate.  Another 
benefit of this process is that two symmetrical parts can be built on either sides of the plate. 
The figure 2.2 [9] shows a part made with the symmetrical building approach. In the figure 
2.3 [9], an analysis has been done to demonstrate the difference between the stress 
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distribution in the single sided wall and the double-sided wall. The range of stress in the 
single sided wall is from -300 MPa to about 500 MPa. In the figure 2.3(a) the edge of the 
plate is in compression and the stress along the build direction is about 450 to 525 MPa 
and a part in the middle of the plate is under zero stress. In the double-sided wall, however, 
the zero stress is seen at the edge of the plate and the high stress region is in the walls as in 
the previous one, but it covers less area and is evenly distributed on both the sides.  
 
 
Figure 2. 2. A part made by symmetrical building approach 
 
Another major challenge that arises by using TIG welding in this process is the path 
planning of the build. With MIG welding, the torch can be moved back and forth without 
any rotation as the wire itself is the electrode whereas in TIG welding, the wire must be 
fed from the advancing side and the electrode should be on the trailing side. The angle of 
the wire feed and the point where the wire enters the arc should be set carefully to produce 





Figure 2. 3. Analysis showing stress distribution in (a) single sided wall structure and (b) 
double sided wall structure 
 
 
2.2 TIG Welding 
Welding is a process of joining two metals by using very high temperature at the 
interface to melt the metal and cool them to cause fusion. In addition to the high 
temperature, a filler material is normally added to the molten pool at the interface. This 
forms a strong interface of metal when it cools down. The basic components needed for 
welding are, a heat source, filler material and shielding gas. Depending on the type of 
welding, the heat source can be laser, gas flame, electron beam, electric arc, etc. A shielding 
gas is used to avoid any oxidation due to the contact with atmospheric oxygen and moisture. 
The common gases used for shielding are argon and helium. Sometimes a welding flux is 
used as a shield. When the flux is heated, it produces gases which prevents the atmospheric 
gases from reacting with the molten metal. 
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TIG or Tungsten Inert Gas welding was developed in the 1940’s. The other name 
for the process is GTAW or Gas Tungsten Arc Welding. Initially the welding gas used for 
this process was helium for which the common name used back then was Heliarc welding 
[10]. This process of welding uses a non-consumable electrode to produce the arc and the 
filler material is fed externally which is different from MIG (Metal Inert Gas) welding (also 
known as GMAW-Gas Metal Arc Welding), as it uses the filler material as the electrode. 
As the name suggests, TIG welding uses tungsten as the electrode to produce an arc. This 
element, with the symbol W (Wolfram) and the atomic number 72, is a very hard metal 
and is slightly radioactive too. Tungsten, in its raw form is hard and brittle for which 
working with this metal can be difficult. A very high melting point of about 3422 ̊C is what 
makes it so useful for applications involving a very high temperature. Other than being 
used as an electrode in TIG welding process, it is most commonly used as a filament in 
electric light bulbs. Other uses are electric contact points, space applications, heating 
element for electrical furnaces, etc. The figure 2.4 shows a schematic diagram of TIG 
welding setup [11]. 
In a manual TIG welding process, the shielding gas is flowed through the welding 
torch held by hand before the welding is started. The gas is kept in a pressurized gas tank 
which is connected to the welding torch by a hose. Once the gas shielding begins, an arc is 
created between the electrode and the work piece by the push of a pedal by the operator. 
The heat generated by the arc starts melting the two metal pieces touching each other. Soon 
after that the operator feeds in the filler material into the electric arc which joins both the 
metals together on cooling. The amperage is usually constant, and the voltage varies 
depending the length of the arc. The TIG systems usually come with a ‘high frequency 
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start’ feature which helps strike the arc. With this feature, a high voltage is created for a 
short time period which helps to strike an arc and once the arc is established, the voltage 





Figure 2. 4. Schematic diagram of TIG welding setup. 
 
The polarity used in TIG welding are DC electrode negative, DC electrode positive 
and AC. With DC electrode negative (DCEN), electricity flows from the electrode to the 
work piece. In this process two-thirds of the heat is concentrated in the workpiece, so this 
causes a deeper penetration into the metal. With DC electrode positive (DCEP), electrons 
flow from the workpiece to the electrode which causes a third of the heat to be concentrated 
on the workpiece. This causes a shallow penetration, making it a suitable process for sheet 
metal. This also has a cleansing effect on the metal (oxide removal). 
A few varieties of electrodes used in TIG welding are pure tungsten, thoriated 
tungsten and zirconiated tungsten.  The tungsten mixtures used widely are; 
• pure Tungsten, EWP 
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• ¼% to ½% zirconium tungsten, EWLa-1 
• 1% thorium tungsten, EWPTh-1 
• 2% thorium tungsten, EWPTh-2 
 
2.3 Aluminum Welding  
Aluminum welding is very different from welding steel or any other metal because 
of the challenges involved. Aluminum forms an oxide layer on the surface when it comes 
in contact with atmospheric air and the same film of aluminum oxide prevents further 
oxidation. This layer of oxide is one of the reasons which makes it difficult to weld 
aluminum. The melting point of aluminum is 1221 ̊F (660.55 ̊C) whereas for aluminum 
oxide it is 3700 ̊F (2037.77 ̊C) [12]. This makes it really challenging as this temperature 
can be very high for aluminum and can ruin the whole welding process by excessive 
melting. The preferred method of welding aluminum is using AC current. The electrode 
positive part of the cycle where the electrons flow from the work piece to the electrode, 
ruptures the oxide layer on the plate and the electrode negative part of the cycle is what 
provides the suitable penetration needed for a good weld.   
Aluminum TIG welding can go wrong in a lot of different ways. One of the main 
problems that needs to be taken care of is contamination. The figure 2.5 shows a 
contaminated weld bead. Some of the reasons for the contamination are:  
• The texture of the weld bead can be of low quality due to contamination. One reason 
for that could be too much of shielding gas or too little of it. When the shielding is not 
proper, the molten aluminum reacts with the atmospheric gases and also, if the gas flow 
rate is too high, it creates turbulence above the weld pool and pulls atmospheric gases 
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inside which can also cause the same defect [13]. The ideal flow rate is about 15 to 20 
cubic feet per hour. 
• The welding gas should be 100% argon, as any other gas mixed with it like CO2 can 
cause contamination. 
• Any leakage in the hose from the gas tank can pull in atmospheric air into the stream 
of argon causing contamination.  
• Moisture in the gas tank is another reason for the contamination of gas. 
The polarity, as discussed above can affect the quality of the weld bead to a great 
extent.  TIG welding aluminum with DCEN can ruin the surface of the weld bead as there 
is no proper cleansing action taking place on the surface of the metal.  As a result, the oxide 
gets stuck on the surface of the bead as shown in the figure 2.6 [13].  
 
 





Figure 2. 6. Showing oxide stuck on the bead due to DC welding. 
 
The ideal weld bead can be achieved by AC as each cycle of the pulse has an 
electrode positive part that cleans the metal from the oxide and an electrode negative part 
that causes penetration in the base metal. The figure 2.7 [13] shows what an ideal weld 
bead should look like. 
  
 
Figure 2. 7. A perfect aluminum weld bead 
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A bead as shown in the figure 2.8 [13] indicates that the cleansing action needs to 
be increased as the surface has flakes on it. Since arc length is what determines the voltage 




Figure 2. 8. A weld bead made with insufficient cleansing action 
 
important role in the texture of the weld bead. If the electrode is held at a longer distance, 
it can increase the voltage and the heat input would be concentrated on a larger area 
resulting in a lower penetration and form a wider bead. The figure 2.9 [13] shows the 




Figure 2. 9. A weld bead made with varying arc length 
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2.4 Aluminum 2219 
Aluminum 2xxx series (Al-Cu type) is mostly used for aerospace applications as it 
has a good fatigue resistance and strength to weight ratio. Cast as well as wrought 
aluminum-copper alloy systems show better strength and hardness with solution heat 
treatment and aging. Maximum strengthening is found between 4 and 6% copper with an 
effect from the other constituents in the alloy [14]. The first aluminum-copper alloy that 
was developed in the United States was the Al 2015 around the year 1926 [15]. The alloy 
contains about 5.5% copper. The use of this alloy became quite limited after the 
introduction of the alloy 2219 in the year 1954. This alloy was superior considering 
strength, weldability, resistance to corrosion and higher elevated temperature properties. 
The figure 2.10 [16] shows the composition of Al 2219.  
 
 
Figure 2. 10. AA2219 Composition 
 
The strength in these alloys is obtained by precipitation hardening, otherwise 
referred to as age hardening.  In heat treatable alloys, the alloying elements exceed the solid 
solubility limit at room temperature and at moderately higher temperatures.  When the 
alloys are heated at solution heat treating temperatures until equilibrium is attained, the 
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copper goes into the solid solution completely [14]. When the temperature is reduced, it 
makes the solid solution supersaturated and the excess amount of the solute is precipitated 
out.  The degree of supersaturation is directly proportional to the driving force of the 
precipitation. The atom mobility is another factor which affects the rate, as lower 
temperatures reduce the atom mobility rate. At the eutectic temperature of 548 ̊C, the 
maximum solid solubility of copper in aluminum is 5.65%. The solubility also decreases 
with the decrease in temperature. At room temperature the solid solubility can become as 
low as 0.1%. AA2219 contains 6.3% Cu, exceeding the limit of the maximum solubility at 
the eutectic temperature, has a solid solution and undissolved CuAl2. The greater the 
amount of copper in the solid solution increases the propensity of precipitation and changes 
the properties of the material [14]. The overall strength is increased by the CuAl2 that 
remains unaltered during the complete process. The figure 2.11 [1] shows the required 
temperatures ranges for solution heat treatment, annealing and precipitation hardening in 
an aluminum-copper system. With the increase in temperature from 250 ̊C to 548 ̊C (the 
eutectic melting point) the equilibrium solid solubility of copper in aluminum increases 
from 0.2% to 5.65%. For the alloys containing 0.2 to 5.6% copper, there are two different 
equilibrium solid states possible. The area above the lower curve (called as solvus) and 
below the upper curve is where the copper is completely dissolved in the solid solution 
when the alloy is heated at the right temperatures for sufficient time. Below the solvus line 
the equilibrium state has two phases of solid which are the solid solution and the 
intermetallic compound CuAl2. Such alloys are heated to the right temperature above the 
solvus line and then cooled down rapidly below the solvus line where the solution becomes 
super-saturated. Then with time, the intermetallic compound forms clusters. The figure 
18 








Figure 2. 12. Aluminum 2xxx alloy heat treatment 
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The alloy AA2219 has good range of strength according to Structure and Properties 
of Engineering Alloys [15]. The ultimate tensile strength of the alloy can be raised to 69 
ksi (475.7 Mpa).  Once the solution heat treatment is done, the precipitation in this alloy 
can be increased by strain hardening before the artificial aging process.  The T8 temper of 
the alloy is an example of the increased density of precipitation caused by strain hardening. 
Mn, Zr, V and Ti in the alloy raise the recrystallization temperature making it capable to 
retain higher strengths at higher temperatures.  The figure 2.13 [17] shows some details of 
the mechanical properties of the alloy considering the different material specifications.  
 
 







3.1 Experimental Setup 
The Wire arc additive manufacturing setup consists of the following devices: 
• A six-axis robotic arm 
• TIG welder  
• Argon gas tank 
• Aluminum wire  
• Aluminum plates 
• Zirconiated Tungsten electrode 
3.1.1 Six Axis Robotic Arm 
The robot used in this experimental procedure is a KR 120 robot from KUKA.  The 
robot is a high payload robot with a payload capacity of 120 kg.  The robot can be used for 
a variety of applications like assembly, spot welding, palletizing, etc. In this experiment a 
TIG welding torch is mounted on the robotic arm. The robot is kept inside a cage for safe 
operation.  A teach pendant (handheld smart pad) is used to program the movements of the 
robot which is connected to the robot via a controller. The figure 3.1 [18] shows the 
technical details of the robot, the axis data which includes the motion range details and the 





Figure 3. 1. Kuka robot KR120 specifications 
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3.1.2 TIG Welder 
The TIG welder used in this process is Fronius Magic Wave 5000. The welder is 
capable of welding using DC and AC. There are various parameters that can be controlled 
in the welder and some of the important ones that were manipulated in this experiment are 
main current, wire feed rate, gas pre flow time, gas post flow time, wave form, etc. The 
different units of the welder are the main power source, wire feeder, cooling unit, the 
welding torch that is connected to the welder by the gas hose, power cable and the wire 
feeder hose. The figure 3.2 [19] shows the various components of the welder control unit, 
cooling unit, wire feeder and the torch. The item displayed in point (1) is the torch that is 
mounted at the end of the robotic arm. An important component in the torch is the pull 
motor unit that is used to pull the wire that is fed from the wire feeder unit by the help of a 
push motor unit. So, the calibration of the motors for the wire feed is very important. The 
push motor at the wire feeder and the pull motor in the torch need to be synchronized to 
avoid wire damage. The most common problem occurs when the push motor runs at a 
higher speed than the pull motor. This causes the wire to get balled up at the wire feeder 
end. In this case the entire length of the damaged wire is cut off and the fresh part of the 
wire is fed through the hose to the torch. At that other end , it has a metal tube that guides 
the wire to flow into the arc while welding.  The angle at which the wire enters the arc can 
be adjusted so that the wire gets into the arc at the desired point. The electrode is mounted 
at the tip of the torch which is held by a collet. The tip of the electrode is surrounded by a 
ceramic cup that helps the shielding gas to flow in a controlled manner. The part in (2) has 
the user interface to control all the welding parameters except the welding speed.  The only 
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part in the figure that wasn’t used in the experiment is the pedal remote control unit 
displayed in (5) as the on/off part was controlled by the KUKA robot teach pendant.  
 
 
Figure 3. 2. Components of a TIG welder 
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3.1.3 Aluminum Wire 
The filler material used in this process is aluminum alloy 2319 which is the 
designation of the wire used with AA2219. The composition of both the alloys is very 
similar with minor variations in the other constituent elements. The figure 3.3 [20] provides 
all the chemical and mechanical properties of the alloy 2319. Wire of diameter 3/64 inch 
(1.19) was used for this experiment. 
 
 
Figure 3. 3. AA 2319 weld data sheet 
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3.1.3 Aluminum Plate 
The aluminum plates used in this process are of dimension; length=24 inches, 
breadth=4 inches, thickness=0.75 inches. Originally, the conditioning in the plates was T8 
before welding which was later heat treated to achieve a T6 temper after welding. The 
figure 3.4 shows the plates used for the experiment.  
 
 
Figure 3. 4. AA2219 plate used for welding 
 
3.2 Procedure 
3.2.1 Design of Experiment 
There are a lot of factors that affect the quality and the geometry of the weld bead. 
The three parameters chosen for this experiment are the main current, welding speed and 
the wire feed rate. Using these three parameters, a DOE (design of experiment) was 
developed using Minitab 18 with three levels of values (low, medium and high) for each 
of the parameters. A full factorial DOE was developed which provided twenty-seven 
different combinations of the three parameters with three levels of values. One DOE was 
designed to study the effects of the parameters on the first layer of weld beads on a flat 
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plate. Another DOE was prepared to study the effects of the parameters on a weld bead 
laid on a thin wall with the following dimensions: height= 0.35 inch, width= 0.25 inch. 
This was done to mimic the process of laying a bead on a multi layered wall with an 
intention to study the effects of heat dissipation while welding on a flat plate versus welding 
on a raised wall. The values of the parameters for the experiment with the flat plate are 
displayed in the table 3.1. 










Low 160 1.5 0.078 
Medium 190 1.8 0.102 
High 220 2.1 0.13 
 
The table 3.2 shows all the combinations in the full factorial design for the first 
layer of weld beads laid on the flat plate using the values of the parameters shown in the 
table 3.1. 
 












2.1 0.102 2.1 190 
2.2 0.102 2.1 160 
2.3 0.078 1.8 190 
2.4 0.078 2.1 220 
2.5 0.078 1.5 160 
2.6 0.13 2.1 220 
27 
2.7 0.102 1.8 160 
2.8 0.13 1.5 220 
2.9 0.078 1.8 220 
2.10 0.13 1.5 190 
2.11 0.102 1.8 220 
2.12 0.102 1.5 190 
2.13 0.13 2.1 160 
2.14 0.102 1.5 220 
2.15 0.13 2.1 190 
2.16 0.13 1.8 190 
2.17 0.13 1.8 160 
2.18 0.102 1.8 190 
2.19 0.078 1.5 220 
2.20 0.102 1.5 160 
2.21 0.13 1.8 220 
2.22 0.078 2.1 190 
2.23 0.13 1.5 160 
2.24 0.078 1.8 160 
2.25 0.078 2.1 160 
2.26 0.078 1.5 190 
2.27 0.102 2.1 220 
 
The values of the parameters for the experiment with the thin walls are displayed 
in the table 3.3. 









Low 110 1.2 0.2 
Medium 140 1.5 0.25 
High 170 1.8 0.3 
 
The table 3.4 shows all the combinations in the full factorial design for the weld 
beads laid on the raised walls using the values of the parameters shown in the table 3.3. 
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1.1 0.2 1.2 110 
1.2 0.2 1.2 140 
1.3 0.2 1.2 170 
1.4 0.25 1.2 110 
1.5 0.25 1.2 140 
1.6 0.25 1.2 170 
1.7 0.3 1.2 110 
1.8 0.3 1.2 140 
1.9 0.3 1.2 170 
1.10 0.2 1.5 110 
1.11 0.2 1.5 140 
1.12 0.2 1.5 170 
1.13 0.25 1.5 110 
1.14 0.25 1.5 140 
1.15 0.25 1.5 170 
1.16 0.3 1.5 110 
1.17 0.3 1.5 140 
1.18 0.3 1.5 170 
1.19 0.2 1.8 110 
1.20 0.2 1.8 140 
1.21 0.2 1.8 170 
1.22 0.25 1.8 110 
1.23 0.25 1.8 140 
1.24 0.25 1.8 170 
1.25 0.3 1.8 110 
1.26 0.3 1.8 140 
1.27 0.3 1.8 170 
 
3.2.2 Welding Procedure 
Before the welds are performed, the aluminum plates were thoroughly cleaned with 
acetone to remove any grease or dirt on the surface to avoid any contamination. The plate 
was placed on the welding table in the direction of the weld and clamped with the earth 
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wire connected to the table.  The gas pressure set for this experiment was 35 psi.  The wire 
feed and the main current values were set at the welder as per the requirement. The robot 
arm was moved to a distance from the table and that was set as the home position. In the 
next step, the path of the weld was programmed for the robot. For this, the process followed 
was of three steps; 
• The robot is brought down towards the start point of the weld to finally have a height 
of 3mm between the electrode tip and the plate. This point is set as the arc-on point 
(point where the arc is initiated). A job (‘job #0’ in this experiment) is set on the welder 
specifically for this step with no wire feed and main current as 180 Amps. The high 
current value and the low height between the electrode and the plate is set to facilitate 
the arc initiation.   
• In the second step the electrode is brought up to a height of 5 mm from the surface of 
the plate and this point is set as the arc-switch point (the point where a different job is 
called with different parameter values). At this point the wire feed is initiated for 
material deposition. The job used for this step is ‘job #7’ for this experiment. 
• The electrode is moved 50 mm in a straight line at the same height from the plate and 
the point is set as the arc-off point (the point where the arc and the wire feed are cut 
off). 
After the path is programmed, a dry run is performed to verify the action of the robot. Then 
the actual weld was performed with the required parameters. The same process was 
followed by changing the values of main current and wire feed in the job #7 each time a 
weld was performed with a different set of values for the chosen parameters. The figure 
3.5 shows a bead laid on a flat plate.  
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The process of welding on the raised walls was a little different, as channels had to 
be created by milling on the plates. The figure 3.6 shows the end product after milling. The 
walls made were 0.25 inches wide and 0.35 inches tall. The same approach was followed 
to lay beads on the walls as laying beads on the flat plate. 
 
 




Figure 3. 6. Aluminum plate milled to form walls 
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Figure 3. 7. Beads laid on walls 
 
3.2.3 Preparation of Samples for Analysis 
The beads were laid on the flat plates and the raised walls as explained in the 
previous section.  Then cross sections were cut out from the plates by the help of a bandsaw 
which were later ground for a better surface finish.  The first phase of grinding was done 
using abrasive grinding paper with 240 grit and was followed by 320, 400 and 600 grit 
respectively.  A scanner was then used to get cross section pictures of the ground samples 
with a ruler as a reference for further analysis. The figure 3.8 shows all the twenty-seven 
weld beads laid on the flat plates. It can be clearly seen that the bead geometry is affected 
a lot by the variation in the parameters.  The beads; 2.6, 2.10, 2.12, 2.14, 2.16, 2.18, 2.8, 
2.11, 2.19, 2.21, 2.27 have very minimal to no undercut which can be considered as a good 
shape since there would be no need for post weld machining. The other beads have a 
significant amount of lateral bulge which must be machined later for a good finish on the 
final product. The figure 3.9 displays the upper surface of the bead number 2.23 from the 
figure 3.8 which was laid twice but the material deposition was found to be inconsistent 








Figure 3. 9. Inconsistency in material deposition for sample 2.23. 
 
Welds were done on the raised walls with the values same as compared to the DOE with 
the flat plates and it was found that the current was too high for the little area as there was 
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too much of heat accumulation in a small area with no surrounding material to dissipate 
the heat into. As a result, the walls were completely deformed, and molten material flowed 
in the lateral direction rather than growing up in height. The figure 3.10 shows the 
deformation  of the walls due to high current values.  On the flat surface a bead is deposited 





Figure 3. 10. Excessive melting of metal due to high heat concentration 
  
The values of the parameters were changed based on the above observation as the 
values used on the DOE with the flat surface were not found suitable for bead deposition 
on the walls. The values of the parameters were set by trial and error method until decent 
bead shapes were obtained. The DOE was designed based on the values that provided good 








3.2.4 Bead Shape Analysis 
In this method of analysis, the bead shape that is considered ideal for additive 
manufacturing is a shape close to a brick as it would reduce the amount of post weld 
machining. The following steps were performed for the shape analysis of the weld beads 
on the flat plate, 
• The volume (V) of the deposit per minute is found by multiplying the wire feed rate 
(WF) and the wire cross-sectional area (WA). (Note: All calculations were done in 
millimeters.) 
 =  ×  
• The cross-sectional area (A) is found by dividing the volume deposited per minute by 





• The bead cross section picture is opened using Imagej and converted to 8-bit for 
analysis. 
• A straight line is drawn on the millimeter scale and that distance is set as one millimeter 
for all the calculations in the picture as displayed in the figure 3.12. 
• A rectangle is drawn on the weld bead cross section with the base of the rectangle set 
exactly over the base of the weld bead as shown in figure 3.13. The height is set by 
dividing the area of the cross section of that weld bead found in the above steps by the 
base of the rectangle. This rectangle is considered as the ideal bead shape for the 
combination of welding speed and the wire feed rate. 
• For analysis of the beads laid on the raised walls, the base of the rectangle was kept the 
same as the width of the wall for all the beads. The rectangles were constructed on top 
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of the walls for this purpose, and the rest of the procedure followed was same as the 
analysis of the beads on the flat plates. The figure 3.14 shows a rectangle constructed 
with the dimensions of the wall on top of which the rectangle representing the ideal 












Figure 3. 14. Dimensions of the milled wall drawn on the 
structure after the bead is laid. 
 
• The area within the rectangle is duplicated by using the duplicate function and analyzed 
in another window. 
• A threshold is applied to the picture and is adjusted to denote the material and the empty 
space properly, and the picture is converted to black pixels (material) and white pixels 
(empty space). The figure 3.15 shows the threshold adjustment and the figure 3.16 
shows the settings applied to convert the picture into black and white pixels for 
calculations. 
• As per this method of analysis, the amount of material within the ideal shape is 
considered as a figure of merit for the run. A histogram is obtained from the black and 
white image and the percentage of material inside the rectangle is calculated by the 
following formula where NB represents the number of black pixels and NW represents 

















Figure 3. 17. Imagej displaying the count of black and white pixels in the image. The 
value 0 refers  to the white pixels and 255 refers to the black pixels. 
 
The table 3.5 displays the percentage of material inside the ideal bead shape for the 
beads on the flat plates, by the approach discussed above.  (Note: WS=welding speed in 
m/min, WF=wire feed rate in m/min, C=current in amps, V=volume deposited in mm3/min, 
A=cross-sectional area in mm2, RB=Base of rectangle in mm, RH=height of rectangle in 
mm, NB=number of black pixels, NW=number of white pixels). 
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Table 3. 5. Details of the DOE with the flat plate 
 
Run# WS WF C % Filled V A RB RH NB NW 
2.1 0.102 2.1 190 88.11463 2337 23 5.41 4.23 2921 394 
2.2 0.102 2.1 160 82.40741 2337 23 4.47 5.13 2759 589 
2.3 0.078 1.8 190 87.57996 2003 26 5.55 4.63 3286 466 
2.4 0.078 2.1 220 88.74568 2337 30 6.55 4.57 3856 489 
2.5 0.078 1.5 160 89.37799 1669 21 4.58 4.67 2802 333 
2.6 0.13 2.1 220 91.55354 2337 18 6.43 2.80 2428 224 
2.7 0.102 1.8 160 78.58161 2003 20 3.85 5.10 2205 601 
2.8 0.13 1.5 220 88.67229 1669 13 6.08 2.11 1683 215 
2.9 0.078 1.8 220 92.83009 2003 26 7.00 3.67 3431 265 
2.10 0.13 1.5 190 90.71466 1669 13 5.85 2.19 1739 178 
2.11 0.102 1.8 220 89.11401 2003 20 7.51 2.61 2595 317 
2.12 0.102 1.5 190 92.60504 1669 16 5.79 2.83 2204 176 
2.13 0.13 2.1 160 80.26415 2337 18 4.10 4.38 2127 523 
2.14 0.102 1.5 220 87.87139 1669 16 7.55 2.17 2159 298 
2.15 0.13 2.1 190 95.92226 2337 18 5.33 3.37 2517 107 
2.16 0.13 1.8 190 93.4492 2003 15 5.66 2.72 2097 147 
2.17 0.13 1.8 160 93.88938 2003 15 4.87 3.16 2105 137 
2.18 0.102 1.8 190 92.17544 2003 20 6.22 3.16 2627 223 
2.19 0.078 1.5 220 88.66793 1669 21 8.22 2.60 2809 359 
2.20 0.102 1.5 160 91.73554 1669 16 4.55 3.60 2220 200 
2.21 0.13 1.8 220 90.9528 2003 15 7.33 2.10 2081 207 
2.22 0.078 2.1 190 81.94064 2337 30 6.03 4.97 3589 791 
2.23 0.13 1.5 160 45.03979 1669 13 5.36 2.40 849 1036 
2.24 0.078 1.8 160 76.69173 2003 26 4.27 6.01 2856 868 
2.25 0.078 2.1 160 68.0856 2337 30 4.39 6.82 2959 1387 
2.26 0.078 1.5 190 90.50837 1669 21 6.15 3.48 2813 295 
2.27 0.102 2.1 220 90.20468 2337 23 7.42 3.09 3085 335 
 
The table 3.6 displays the percentage of material inside the ideal bead shape for the 
beads laid on the walls. For this table, the base of the rectangle has been kept 6.35 mm for 
all the beads which is equal to the width of the walls and only the height was calculated as 





Table 3. 6. Details of the DOE with the walls 
 
Run # WF WS C % Filled V A RH NW NB 
1 1.2 0.2 110 72.92707 1335.368 6.676842 1.045707 271 730 
2 1.2 0.2 140 70.82917 1335.368 6.676842 1.045707 292 709 
3 1.2 0.2 170 54.34565 1335.368 6.676842 1.045707 457 544 
4 1.2 0.25 110 66.35183 1335.368 5.341474 0.836566 285 562 
5 1.2 0.25 140 65.52538 1335.368 5.341474 0.836566 292 555 
6 1.2 0.25 170 61.03896 1335.368 5.341474 0.836566 330 517 
7 1.2 0.3 110 36.07504 1335.368 4.451228 0.697138 443 250 
8 1.2 0.3 140 65.94517 1335.368 4.451228 0.697138 236 457 
9 1.2 0.3 170 57.86436 1335.368 4.451228 0.697138 292 401 
10 1.5 0.2 110 73.68421 1669.211 8.346053 1.307134 320 896 
11 1.5 0.2 140 80.09868 1669.211 8.346053 1.307134 242 974 
12 1.5 0.2 170 71.46382 1669.211 8.346053 1.307134 347 869 
13 1.5 0.25 110 79.04858 1669.211 6.676842 1.045707 207 781 
14 1.5 0.25 140 75.50607 1669.211 6.676842 1.045707 242 746 
15 1.5 0.25 170 68.71795 1669.211 6.676842 1.045707 305 670 
16 1.5 0.3 110 77.45455 1669.211 5.564035 0.871423 186 639 
17 1.5 0.3 140 75.27273 1669.211 5.564035 0.871423 204 621 
18 1.5 0.3 170 65.09091 1669.211 5.564035 0.871423 288 537 
19 1.8 0.2 110 75.29825 2003.053 10.01526 1.568561 352 1073 
20 1.8 0.2 140 75.66644 2003.053 10.01526 1.568561 356 1107 
21 1.8 0.2 170 61.44908 2003.053 10.01526 1.568561 564 899 
22 1.8 0.25 110 67.85714 2003.053 8.01221 1.254849 396 836 
23 1.8 0.25 140 69.56169 2003.053 8.01221 1.254849 375 857 
24 1.8 0.25 170 63.31169 2003.053 8.01221 1.254849 452 780 
25 1.8 0.3 110 51.14885 2003.053 6.676842 1.045707 489 512 
26 1.8 0.3 140 73.12687 2003.053 6.676842 1.045707 269 732 
27 1.8 0.3 170 66.03397 2003.053 6.676842 1.045707 340 661 
 
3.2.5 Results and Discussion 
The results were analyzed as per the table 3.5 and a main effects plot was obtained 
using Minitab as shown in figure 3.18. As per the main effects plot the mid-level of all the 
three parameters were found to be the most effective with the bead being close to the ideal 
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shape for the combinations. For this analysis a value more than 90% for the “% filled” 
column was considered to be a good result. As per the values of the “% filled” column, the 
combination of the three parameters with the medium values was found to be 92.17%, but 
beside that, the interaction of the parameters was also studied.  
 
 
Figure 3. 18. Main effects plot for DOE with flat plate 
 
As per the analysis, the highest value obtained was 95.92 % which was achieved 
with a wire feed rate of 2.1 m/min, current as 190 amps and a welding speed of 0.13 m/min. 
The interaction plot displayed in the figure 3.19 shows three plots; WS vs WF, WS vs C 
and WF vs C. 
In the WS vs WF plot, it was noticed that the best value was found with a 
combination of a high welding speed (0.13 m/min) and a medium value of wire feed rate 
(1.8 m/min). In this case, a high welding speed and a low wire feed rate (sample 2.8, 2.10) 
did not provide a good result as the material deposited per unit length was lower as 
43 
compared to the other beads even if the bead quality was good. The sample 2.8 and 2.10 
had no undercut which can be considered as a good quality of weld, but the material 
deposited was too low which means more passes would be needed to make a wall of a 
particular height. A combination of high welding speed and a wire feed rate of 1.8 m/min 
(sample 2.16, 2.17, 2.21) provided the best result with the optimum amount of material 
being deposited per unit length. The sample 2.17 however was found with a bit of bulge  
 
 
Figure 3. 19. Interaction plot for DOE with flat plate 
 
on both the sides and would need some machining to remove the undercut. The samples 
2.6, 2.13 and 2.15 were made with high values of WS and WF and all three samples had 
some undercut with 2.6 having the least. The sample 2.15 provided the best result as per 
the analysis but still needs more machining due to more bulge on the sides. From the plot 
displaying the WS vs C, it was noticed that the value of 190 amps was the best among the 
three values as it provided optimum amount of penetration in combination with the selected 
welding speed values. With 220 amps, the penetration was higher as compared to 190 for 
which the material inside the ideal shape was lower. From the plot showing the WF vs C, 
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it was noticed that a value of 1.8 m/min for wire feed provided the best results with the 
current values of 190 and 220 amps. The result with the high WF value and high current 
was found to be very close to mid wire feed and high current. So, generally it was found 
that the mid and the high values of the wire-feed provided the best material deposition rate 
with a combination of mid and high values of current. 
The figure 3.20 shows the main effects plot for the DOE with the walls. It was 
found out that the wire feed speed of 1.5 m/min, welding speed of 0.2 m/min and current 
of 140 amps individually had the maximum effect for a good bead shape according to this 
analysis. The sample 1.11 was prepared with the above settings and the “% filled” was 
found out to be 80.09% which was the highest in this DOE. In all the samples it was found 
out that the beads didn’t add much height to the built walls as compared to the beads on 
the flat plate. This was the result of a lower heat dissipation factor as there was a very high 
amount of heat concentrated on the smaller area causing more melting on the walls on the 
substrate. 
The figure 3.21 shows the interaction plots for the beads laid on the walls. The WF 
vs WS plot shows that a wire feed of 1.5 m/min and welding speed of 0.2 m/min produced 
the best result for the given values of current. The samples 1.10, 1.11 and 1.12 were made 
with this setting with 110, 140 and 170 amps of current respectively. Considering the 
material deposition, all the three samples provided good results with 1.11 having the 
highest value for % filled. In the sample 1.12, some lateral bulge was found which could 
be a result of insufficient area for the combination of WS and WF. From the WF vs C plot, 
it was found that a current value of 110 and 140 amps in combination with the medium 
value of WF (1.5 m/min) provided the best result. The samples 1.12 and 1.18 were made 
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with medium WF and high C with 0.2 and 0.3 m/min welding speed respectively and both 
the samples were found to have extra material on the sides as a result of excess heat input 
which melted the substrate more than required. The WS vs C shows that the medium value 
of welding speed combined with 140 amps provided the best results. The same combination 
with low current however produced good results with no extra material on the sides. 
Medium wire feed with high current, again produced poor quality beads with extra material 
on the sides due to excess heat which can be seen in the samples 1.6, 1.15 and 1.24. 
 
 




Figure 3. 21. Interaction plot for DOE with walls 
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3.3 Porosity Analysis 
The porosity of the weld beads was analyzed by using the point counting method. 
This is a very basic method of quantitative stereology where grid lines are used for the 
analysis of the pores [2]. The grid lines can either be attached to the microscope eyepiece 
or superimposed on the images taken by the microscope. The total number of points of 
intersection by the grid lines are calculated that lie within the weld bead and the number of 
intersections that lie on pores are also calculated. The percentage area of the pores is 
calculated by the following formula where Np is the number of intersections on pores and 
Nb is the number of intersections within the weld bead. 




For this analysis, grid lines were laid on the pictures of the weld beads using imageJ. 
The total number of pixels was calculated for the images and the ratio of the total number 
of pixels (P) to the area per point (APP) was kept at 810 to have a uniformity in the grid 
lines. The number of intersections on pores was calculated five times by offsetting the grid 
lines each time and an average was taken. The figure 3.22 shows the grid lines laid on a 
high magnification picture of a weld bead. 
The table 3.7 displays the % area of pores for the beads laid on the flat plate. The 
porosity in the samples ranges from 0.8% to 5.4%, however a relation between the chosen 
parameters and the level of porosity in the samples could not be established.  For further 
work in this field, proper care can be taken to have no impurities on the plates as well as 
the beads to avoid any pores. The shielding gas must be checked for any contamination as 




Figure 3. 22. Grid lines laid on the picture of bead cross-section for 
porosity analysis by point counting method. 
   
Table 3. 7. Porosity analysis for the beads laid on flat plate 
 
Run # P APP Nb Np-1 Np-2 Np-3 Np-4 Np-5 Avg % Area of pores 
2.1 9647100 11910 346 9 10 13 17 15 12.8 3.7 
2.2 11151413 13767.18 342 6 3 1 4 3 3.4 1.0 
2.3 12782232 15780.53 329 9 13 9 11 12 10.8 3.3 
2.4 10802985 13337.02 446 16 17 10 11 9 12.6 2.8 
2.5 8965635 11068.69 416 19 15 18 16 16 16.8 4.0 
2.6 9716730 11995.96 285 12 16 12 19 18 15.4 5.4 
2.7 9068341 11195.48 353 12 9 11 15 8 11 3.1 
2.8 7798835 9628.191 248 5 9 5 8 7 6.8 2.7 
2.9 12160122 15012.5 345 14 11 15 17 13 14 4.1 
2.10 7148610 8825.444 292 15 14 14 11 12 13.2 4.5 
2.11 10036125 12390.28 316 8 10 10 10 12 10 3.2 
2.12 7757801 9577.532 326 13 12 11 9 10 11 3.4 
2.13 27177500 33552.47 384 5 13 14 8 7 9.4 2.4 
2.14 28786464 35538.84 369 13 17 20 15 19 16.8 4.6 
2.15 9602685 11855.17 328 16 10 10 9 9 10.8 3.3 
2.16 28808052 35565.5 343 12 14 14 10 11 12.2 3.6 
2.17 7591266 9371.933 354 12 9 9 8 12 10 2.8 
2.18 7280658 8988.467 434 8 9 10 7 8 8.4 1.9 
2.19 10490162 12950.82 346 13 12 12 13 13 12.6 3.6 
2.20 6464326 7980.649 422 8 11 14 12 11 11.2 2.7 
48 
 
3.4 Hardness Test 
The hardness of some of the weld beads was tested using a Vickers’s hardness 
tester. For the beads on the flat plate, the hardness was tested for half of the cross-section 
by making a 2-D array of indents in X and Y axis with a gap of 0.025 inches horizontally 
as well as vertically between the indents. A force of 200 gm for a load time of 10 seconds 
was used as standard for all the indents. The following formula was used to measure the 
hardness of the specimens where F=force used for the test (200 gm) and D=Average 






The data obtained from the test was used to obtain a contour plot with color fills 
using the software SigmaPlot 14.0. Then precipitation heat treatment was performed on the 
samples to achieve a T6 conditioning for which the samples were kept in an oil bath at a 
temperature of 190 ̊C for 26 hours [1]. After the heat treatment, the samples were polished 
to remove the indents and the same hardness test was performed again to demonstrate the 
difference in the hardness. The figure 3.23 to figure 3.26 show the difference in the 
hardness across the part of the cross-sections that were tested before and after the 
precipitation heat treatment. The plots obtained from SigmaPlot 14.0 had to be edited using 
2.21 5977500 7379.63 411 9 10 11 12 10 10.4 2.5 
2.22 12645963 15612.3 369 7 6 5 4 5 5.4 1.5 
2.23 6664552 8227.842 332 8 8 6 4 7 6.6 2.0 
2.24 9801358 12100.44 470 14 12 13 8 15 12.4 2.6 
2.25 11970156 14777.97 380 5 1 4 2 4 3.2 0.8 
2.26 10129167 12505.14 325 15 18 19 14 15 16.2 5.0 
2.27 10302788 12719.49 342 7 9 7 6 6 7 2.0 
49 
ImageJ to remove the parts of the graph which represented the extrapolated values as per 
the trend. The X axis and the Y axis in the plots represent length in inches and the colors 
represent the hardness values in the cross-section.  
In the figure 3.23, it is noticed that for the sample 2.11 which was prepared using 
the parameter values; C=220 amps, WF=1.8 m/min and WS=0.102 m/min, the hardness 
value ranges from around 65 to 85 before heat treatment whereas after heat treatment the 
value ranges from 80 to 92.  
 
 
Figure 3. 23. Difference in hardness profile between pre and post precipitation heat 
treatment for sample2.11 
 
The figure 3.24 represents the sample 2.14 (C=220 amps, WF=1.5 m/min and 
WS=0.102 m/min). The hardness value before heat treatment ranges from 64 to 74 and 
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after heat treatment it ranges from 70 to about 100. A major part of the weld bead was 
found to have a hardness value of 70 to 90. 
The figure 3.25 represents the sample 2.16 (C=190 amps, WF=1.8 m/min and 
WS=0.13 m/min). The hardness value ranges from 50 to about 80 initially and after heat 
treatment the value ranges from 60 to around 110. A significant change in hardness was 
noticed almost throughout the cross-section of the bead with just a small fraction of the 
bead having a little change after the heat treatment. 
The figure 3.26 shows the sample 2.27 (C=220 amps, WF=2.1 m/min and 
WS=0.102 m/min). The hardness value ranges from 60 to about 80 before heat treatment 
and 50 to a little more than 90 after heat treatment. 
 
 
Figure 3. 24. Difference in hardness profile between pre and post precipitation heat 




Figure 3. 25. Difference in hardness profile between pre and post precipitation heat 




Figure 3. 26. Difference in hardness profile between pre and post precipitation heat 
treatment for sample2.27 
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In all the above plots it is noticed that the hardness in the weld beads have increased 
significantly due to precipitation hardening in the material, but no relation could be 
developed between the parameter values and the effects of the hardening. However, it is 
noticed in all the cases, after heat treatment that a significant part of the outer circumference 
in all the beads display a higher value in the hardness range.   
In another set of experiments, a line of indents was made after the heat treatment in 
the samples 2.11, 2.14, 2.16, 2.27 and some samples to study the depth of the heat affected 
zone from the top of the bead. The indents were made until the hardness value was found 
similar to the base metal hardness. In this process, indentation was stopped when the 
hardness measured from four to five indents  was found to have minor variations from the 
base metal hardness.  The same approach was followed for the beads laid on the walls to 
study the heat affected zone in some randomly selected samples with a good shape and 
finish. The samples used for this experiment were 1.16 (C=110 amps, WF=1.5 m/min and 
WS=0.3 m/min), 1.17  (C=140 amps, WF=1.5 m/min and WS=0.3 m/min) and two other 
samples with parameter values other than those used in the DOE were made; sample 1 
(C=120 amps, WF=1.3 m/min and WS=0.23 m/min) and  sample 2 (C=150 amps, WF=1.3 
m/min and WS=0.23 m/min). Graphs were plotted using SigmaPlot 14.0 with the X axis 
as the distance from the top and the Y axis as the hardness. The heat input for all the 
samples was calculated using the following formula where 14 volts was used as an 
approximate voltage for all samples, since the change in voltage for the different 
combinations was negligible. 
  !" =


















2.11 220 14 1.8 0.102 1.81 
2.14 220 14 1.5 0.102 1.81 
2.16 190 14 1.8 0.13 1.23 
2.27 220 14 2.1 0.102 1.81 
1.16 110 14 1.5 0.3 0.31 
1.17 140 14 1.5 0.3 0.39 
1 120 14 1.3 0.23 0.44 
2 150 14 1.3 0.23 0.55 
 
The figure 3.27 to figure 3.30 display the hardness profile of the weld beads 2.11, 
2.14, 2.16 and 2.27 respectively. The average base metal hardness after the heat treatment 
was found to be around 119. In all the samples the base metal hardness was found 
somewhere between 0.3 to 0.4 inches from the top of the weld bead irrespective of the 
different parameter values as the heat input in all the four samples are almost the same.   
 
 














Figure 3. 30. Heat affected zone in sample 2.27 
 
 In the figure 3.31 to figure 3.34 show the hardness profile of the beads 1.16, 1.17, 
1 and 2 respectively. The base metal hardness was found around 0.3 inches from the top of 


















Figure 3. 34. Heat affected zone in sample 2 
 
From the above graphs, it can be concluded that the heat affected zone in the raised 
walls extends to about the same depth into the base metal as it does in the flat plates, even 
though the heat input is much lower in comparison to the beads in the flat plates. As 
observed previously that the same amount of heat input on a thinner surface can damage 
the structure by melting it, a much lower heat must be provided while laying a bead on top 
of an additively manufactured wall. However, a relation could not be developed between 
the thickness of the wall and the heat input to achieve a proper bead shape which needs 
further study. The figure 3.35. displays the HAZ depth with respect to the heat input. The 
red data points represent the beads on the walls whereas the green data points represent the 









To study the effects of current, wire feed rate and the welding speed on the bead 
shape using TIG welding method on AA 2219, two different DOEs were created using 
Minitab. The main effects plots and the interaction plots for these parameters were studied 
as a function of the ideal bead shape. Based on the analysis, the following conclusions were 
made: 
• For the base layer of a part, it is important to have no undercut as it reduces the post-
weld machining. It was found that a higher welding speed combined with a low wire 
feed rate produces a bead with very little or no bulge on the sides. This study can be 
further extended by establishing a correlation between the bead shape and the ratio of 
wire feed to the welding speed while keeping the current constant. This would provide 
a better understanding of the optimum ratio of wire feed to welding speed. A DOE with 
constant current and multiple levels for the other two parameters can be designed to 
analyze a wide range of ratios between the two parameters. As the bead shape mostly 
depends on these two parameters, after finding the right combinations between the two, 
another DOE can be performed with multiple levels of current to find the right amount 
of penetration into the substrate. 
• The heat input was found to have a significant effect on thin walls, as the amount of 
heat suitable for the base layer can damage a wall like structure because of very less 
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material for heat dissipation. So, to reduce excessive melting of the wall in an additive 
manufacturing process, the heat can be reduced by reducing the current. In this 
experiment, for the beads at a height, about 25 to 45% of the amount heat at the base 
layer was found to have good results. Another approach to control excessive melting is 
to increase the welding speed which would reduce the duration of exposure to the heat.  
In this experiment however, the thickness of the wall was kept constant for all 
the combinations. For further research, the height and the thickness of the wall can be 
made as two variable parameters which would provide a better knowledge of the 
interaction between the geometry of the already build structure and the heat input.  
• After precipitation heat treatment of the weld beads, a noticeable change in the hardness 
profile along the cross-section was seen which brings us to a conclusion that the 
mechanical properties can be enhanced after production of the parts. 
• The chosen parameters for this experiment were found to have no effect on the level of 
porosity in the weld beads. Steps must be taken to keep the shielding gas, wire, substrate 
metal and the electrode uncontaminated for a better quality of bead. A set of 
experiments can be conducted to study the effect of gas flow rate on the amount of 
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